Envenomation by poisonous animals is a neglected condition according to the World Health Organization (WHO). Antivenoms are included in the WHO Essential Medicines List. It has been assumed that immunoglobulin G (IgG) antivenoms could activate the complement system through Fc and induce early adverse reactions (EARs). However, data in the literature indicate that F(ab') 2 fragments can also activate the complement system. Herein, we show that several batches of IgG and F(ab') 2 antivenoms from the Butantan, Vital Brazil, and Clodomiro Picado Institutes activated the complement classical pathway and induced the production of C3a; however, only those antivenoms from Clodomiro Picado generated C5a. Different protein profiles (IgG heavy chain, protein contaminants, and aggregates) were observed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analyses. Our results show that various antivenoms from different producers are able to activate the classical pathway of the complement system and generate anaphylatoxins, and these findings suggest that factors, such as composition, contaminant proteins, and aggregates, may influence the anticomplementary activity of antivenoms in vitro. Therefore, there is a need to further improve antivenom production methods to reduce their anticomplementary activity and potential to cause EARs.
INTRODUCTION
Envenomation is a relevant public health issue 1 that has been included, since 2009, in the list of neglected tropical diseases and conditions of the World Health Organization (WHO). 2 The only available treatment of animal envenomation is the parenteral administration of specific antivenom; therefore, animal-derived antivenoms are included on the WHO Essential Medicines List. 3 Antivenoms are obtained from the plasma of immunized animals, usually horses or sheep, and may consist of whole immunoglobulin G (IgG) molecules (150 kDa) or F(ab') 2 (100 kDa) or F(ab) (50 kDa) fragments; the latter two are devoid of Fc portion and obtained by pepsin and papain digestion, respectively. 4, 5 Several fractionation methods have been used to purify IgG or its fragments, including salting out with ammonium sulphate, which precipitates Igs, and fractionation with caprylic acid, which precipitates non-IgG proteins from plasma. 4, 6 The option to produce F(ab') 2 or Fab antivenoms is largely based on the hypothesis that early adverse reactions (EARs), observed in a number of patients submitted to the antivenom therapy, could be caused by the generation of anaphylatoxins because of complement activation through the Fc portion of IgG. These reactions range from mild and moderate (characterized by tachycardia, shivering, chills, fever, vomit, and urticaria) to severe anaphylaxis (with bronchospasm, dyspnea, hypotension, and hypoxia) and can result in death. 7, 8 However, various studies have shown that both types of antivenoms can activate the complement system in vitro 9, 10 and induce EARs in patients. 11, 12 Some data highlight the impact of the fractionation protocol on the induction of EARs. It was shown that IgG antivenom precipitated by ammonium sulphate had more aggregates and induced a higher incidence of EARs than IgG antivenom precipitated by caprylic acid. 13 Furthermore, depending on the concentration of caprylic acid used in the fractionation step, high-molecular mass protein aggregates also can be formed in IgG preparations. 6 It was shown that horse and sheep IgG antivenoms induced higher complement activation and were more immunogenic than camel IgG antivenom. 14 There is also a general consensus that adverse effects are directly related to the amount of infused heterologous proteins, 15 although it was shown that homologous proteins (human IgG) also activate the complement system. 16 The addition of thimerosal and/or phenol to IgG antivenoms increased the formation of dimeric and polymeric IgGs and induced higher complement activation compared with antivenoms formulated without preservatives. 17 All of these data indicate the lack of consensus in the literature regarding which types of antivenom induce fewer EARs and in particular, which mechanisms are involved in the genesis of these reactions, including the role of the complement system.
The complement system can initially be activated by three pathways (alternative, classical, and lectin), 18 and during its activation, cleavage of the C3, C4, and C5 components results in the generation of anaphylatoxins (C3a, C4a, and C5a). Anaphylatoxins play an important role in the inflammatory response, inducing (1) mast cell degranulation, which releases vasoactive mediators such as histamine; (2) neutrophil and monocyte chemoattraction to inflammatory sites; (3) oxidative burst stimulation; and (4) proinflammatory cytokine release. 18 The massive generation of anaphylatoxins can induce non-IgE-dependent anaphylaxis.
Herein, we aimed to evaluate the anticomplementary activity of horse IgG and F(ab') 2 antivenoms produced by Butantan, Vital Brazil, and Clodomiro Picado Institutes and correlate the complement activation with some important characteristics of the antivenoms, such as protein content, presence of Fc portion, and amount of protein aggregates.
MATERIALS AND METHODS
Reagents and buffers. Mannan, bovine serum albumin (BSA), orthophenylenediamine (OPD), ethylene diamine tetracetic acid (EDTA), ethylene glycol bis-(β-aminoethyl *Address correspondence to Denise V. Tambourgi, Av. Vital Brazil, 1500, Butantã , Sã o Paulo, SP, Brazil, CEP 05503-000. E-mail: denise .tambourgi@butantan.gov.br ether)-N,N,N,N'-tetracetic acid (EGTA), and rabbit antihorse IgG labeled with alkaline phosphatase were purchased from Sigma (St. Louis, MO). Tween 20 was from Labsynth (Diadema, SP, Brazil). Goat IgG anti-human C4 was from Quidel Corporation (San Diego, CA). Rabbit anti-goat IgGs labeled with horseradish peroxidase, nitroblue tetrazolium (NBT), and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) were from Promega Corporation (Madison, WI). The following buffers were used: alsever old solution (114 mM sodium citrate, 27 mM D-glucose, 72 mM sodium chloride, pH 6.1); phosphate buffered saline (PBS; 8.1 mM disodium phosphate, 1.5 mM potassium phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride, pH 7.4); veronal buffered saline (VBS ++ ; 2.8 mM barbituric acid, 145.5 mM sodium chloride, 0.8 mM magnesium chloride, 0.3 mM calcium chloride, 0.9 mM Na-barbital, pH 7.2); VBS containing 0.1% BSA (BVB ++ ); and alternative pathway buffer (APB; 150 mM sodium chloride, 7 mM magnesium chloride, 5 mM Na-barbital, 10 mM EGTA, pH 7.4).
Horse IgG and F(ab') 2 antivenoms. Commercial horse antivenoms, produced against the venoms from different animal genera were obtained from the Butantan (Sã o Paulo, Brazil), Vital Brazil (Niteró i, Brazil), and Clodomiro Picado (San José , Costa Rica) Institutes, totaling 32 batches (64 vials) produced between 2007 and 2010 (Table 1) . Antivenoms from the Butantan and Vital Brazil Institutes consisted of F(ab') 2 fragments obtained by pepsin digestion and ammonium sulphate precipitation, 19 whereas antivenoms from the Clodomiro Picado Institute contained whole IgG purified by caprylic acid precipitation. 20 Antivenoms passed routine quality control tests in manufacturing laboratories and were used within their shelf life.
Ethics statement. Human blood was obtained from adult healthy donors who knew the objectives of the study and signed the corresponding informed consent form approved by the National Commission on Research Ethics (CAAE02001612 .6.0000.0071). All experimental procedures involving animals were in accordance with the ethical principles in animal research adopted by the Brazilian Society of Animal Science and the National Brazilian Legislation (number 11.794/08). Protocols were approved by the Institutional Animal Care and Use Committee (protocol approval number 904/12). Normal human serum. Blood samples from adult healthy donors were collected without anticoagulant and allowed to clot for 4 hours at 4 C. After centrifugation, normal human serum (NHS) was collected and stored at −80 C.
Sheep and rabbit erythrocytes. Sheep and rabbit erythrocytes were used as target cells in classical and alternative pathway hemolytic assays, respectively. Blood was collected in Alsever anticoagulant and stored at 4 C. Sheep blood samples were provided by the São Joaquim Farm (Butantan Institute).
Incubation of antivenoms with NHS. Antivenoms were incubated with NHS as a source of complement for 1 hour at 37 C. The volume of NHS was the same for all incubations (200 μL), but the sample volume varied between the different antivenoms ( Table 2 ) based on an estimation of the maximum volume of each antivenom administered to patients in severe accidents in proportion to the average volume of circulating plasma in a normal human adult. For practical purposes, a normal human adult was considered to have 2.75 L circulating plasma (55% of 5 L blood). For each control group, NHS was incubated with a corresponding volume of sterile nonpyrogenic saline (0.9% sodium chloride).
Complement activation by the classical, alternative, and lectin pathways. Activation of the classical and alternative complement pathways by the antivenoms was measured in hemolytic assays by determining the residual hemolytic activ-ity of NHS on sheep and rabbit erythrocytes, respectively. Experiments were performed as previously described. 21 The results were expressed as the percentage of CH50/mL (classical pathway) or AP50/mL (alternative pathway) activation compared with NHS incubated with saline (100%). Activation of the lectin complement pathway by the antivenoms was determined by enzyme-linked immunosorbent assay (ELISA), which detected the deposition of C4b in mannansensitized plates as previously described. 21 Detection of anaphylatoxins. After incubating NHS with antivenoms or saline (control) as described above, the reactions were stopped by the addition of 10 mM EDTA, and the concentrations of C3a/C3a desArg and C5a/C5a desArg were determined by ELISA (OptEIA ELISA Kit; BD Biosciences, San Jose, CA) following the manufacturer's instructions.
Protein concentration. To verify whether the complement activation by the antivenoms could be related to the amount of antivenom protein incubated with NHS, the protein concentrations of the antivenoms were determined using the BCA method (Pierce BCA Protein Assay Kit; Pierce, Rockford, IL) according to the manufacturer's instructions with BSA as standard.
Polyacrylamide gel electrophoresis and Western blots. To determine protein composition profiles, the most recent samples of each antivenom were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis under non-reducing and reducing conditions. Briefly, samples were diluted in saline solution (0.9% sodium chloride) to achieve the protein concentration of 2 mg/mL; 10 μL each diluted sample (20 μg protein) were then mixed with the same volume of reducing or non-reducing buffer and subjected to 12% SDS-PAGE. 22 Molecular mass standards (Invitrogen/Life Technologies, Carlsbad, CA) were included in all runs, which were performed at 100 V. Gels were stained with silver. 23 For Western blot assays, 24 proteins on unstained gels were transferred to nitrocellulose membranes at 150 mA. After transfer, reactions were performed to detect horse IgG as previously described. 25 Statistical analysis. Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post-test, and differences with P values that were less than 0.05 were considered to be statistically significant. For correlation analysis, Pearson's correlation coefficient, for which values close to 1.0 or −1.0 indicate positive or negative correlations, respectively, was calculated.
RESULTS
Complement consumption by the antivenoms. The classical pathway was activated by several antivenoms from the three institutes, which was shown by the reduction of the CH50/mL compared with the control (Figure 1 ). This reduction was statistically significant for all batches of anti-Elapidic and anti-Lonomic antivenoms from the Butantan Institute as well as for one batch of anti-Crotalic antivenom (2009) and one batch of anti-Arachnidic antivenom (2007) ( Figure 1A) . Anti-Bothropic-Crotalic and anti-Crotalic antivenoms from the Vital Brazil Institute also significantly interfered with the classical pathway ( Figure 1B) as well as the two batches of anti-Bothropic-Crotalic-Lachetic antivenom from the Clodomiro Picado Institute ( Figure 1C) . None of the antivenoms tested in this study activated the lectin or alternative pathways (data not shown).
Generation of anaphylatoxins by the antivenoms. To better investigate the complement activation by the antivenoms, the generation of anaphylatoxins was determined. Most antivenoms from the three institutes induced the generation of C3a/C3a desArg when incubated with NHS ( Figure 2) , which was also observed in samples where the consumption of classical pathway components was not detected (Figure 1 ). Interestingly, antivenoms from the Butantan and Vital Brazil Institutes did not induce the generation of C5a/C5a desArg ( Figure 3A and B) , whereas all the antivenoms from the Clodomiro Picado Institute induced this potent anaphylatoxin ( Figure 3C ).
Protein concentration of the antivenoms. To verify whether the complement activation by the antivenoms could be related to the amount of antivenom protein incubated with NHS, the protein concentration of all the samples was determined (data not shown). Based on the protein concentration of the samples and the volume of each antivenom incubated with NHS (Table 2) , the amount of antivenom protein in each incubation was calculated (Figure 4 ). There was no statistical correlation between the amount of antivenom protein and the consumption of classical pathway components (Pearson r = 0.16, P 0.05) or the generation of C3a/C3a desArg (Pearson r = − 0.15, P 0.05) or C5a/C5a desArg (Pearson r = − 0.30, P 0.05).
SDS-PAGE and Western blot analysis of the antivenoms. To determine the protein composition profiles and their possible correlation with complement activation, the most recent samples of each antivenom were submitted to SDS-PAGE and Western blot analyses under non-reducing and reducing conditions. Under non-reducing condition, various bands, with molecular masses between 30 and 160 kDa, were observed in all the antivenoms analyzed, and some antivenoms also showed a high-molecular mass band with approximately 220 kDa ( Figure 5 ), indicating the presence of high-molecular mass aggregates. 13 Most of the non-reduced bands were recognized by the anti-horse IgG antibody in the Western blot reactions ( Figure 6 ), suggesting the presence of IgG or its fragments on aggregates of different molecular masses. These aggregates included high-molecular mass aggregates, with more than 180 kDa ( Figure 6 ).
The electrophoretic analysis, under reducing condition, revealed the presence of two major bands with molecular masses between 25 and 30 kDa in all samples from the Butantan and Vital Brazil Institutes as well as several other proteins with molecular masses lower than 20 kDa ( Figure 7A and B). One minor band of approximately 50 kDa was also observed in some antivenoms from the Butantan Institute ( Figure 7A) . Antivenoms from the Clodomiro Picado Institute exhibited a major band of approximately 25-30 kDa, three bands from 40 to 60 kDa, and also, several other minor components with different molecular masses ( Figure 7C ). Western blot analysis under reducing condition revealed the existence of IgG heavy (50 kDa) and light (25 kDa) chains 26 in several antivenoms from the Butantan Institute ( Figure 8A) , indicating that the cleavage of the antibodies for the production of F(ab') 2 fragments was not complete. In the antivenoms from the Vital Brazil Institute, only one band of approximately 25 kDa was detected ( Figure 8B) , which most likely includes IgG light chain and pepsin-digested IgG heavy chain fragments. As expected, IgG heavy and light chains were detected in all the samples from the Clodomiro Picado Institute ( Figure 8C ), because they contain whole IgGs. However, several other bands were also detected in these samples, including one of approximately 115 kDa ( Figure 8C ), suggesting that the aggregates present in these antivenoms were not completely disrupted in our experiments. 
DISCUSSION
In the present work, the anticomplementary activity of commercial horse antivenoms produced by the Butantan, Vital Brazil, and Clodomiro Picado Institutes between 2007 and 2010 was evaluated in in vitro assays. Antivenoms from the Butantan and Vital Brazil Institutes consist of F(ab') 2 fragments obtained by pepsin digestion and ammonium sulphate precipitation, 19 whereas antivenoms from the Clodomiro Picado Institute contain whole IgGs purified by caprylic acid fractionation. 20 Analysis of complement activation was performed after incubating the antivenoms with NHS. The proportion of antivenom to NHS was based on the estimation of the maximum volume of each antivenom administered to patients in severe accidents in proportion to the average volume of circulating plasma in normal adult humans. This protocol results in different amounts of antivenom protein added to each incubation mixture. Although this limitation concerns the comparison between different samples on the basis of the amount of protein, our experimental rationale was adopted as an effort to partially reproduce, in vitro the conditions to which patients are subjected during antivenom therapy.
Under these experimental conditions, none of the antivenoms tested activated the lectin or alternative pathways, but some of them interfered with the classical pathway. Interestingly, classical pathway consumption was also induced by antivenoms devoid of Fc portion (i.e., antivenoms in which the IgG heavy chain was not detected in the Western blot reactions). It has been shown that the hinge portion of IgG, which is preserved in F(ab') 2 fragments, has an important role in C1q binding. 27 Additionally, F(ab') 2 -containing immune complexes, together with naturally occurring antihinge antibodies, can induce complement activation. 28 These findings corroborate that removal of Fc from equine IgGs by pepsin digestion does not eliminate complement activation in vitro.
The potential clinical relevance of complement activation by antivenoms is related to the possible generation of anaphylatoxins. C5a is the most potent anaphylatoxin, and it is followed by C3a and C4a. 29 These anaphylatoxins contain a C-terminal arginine residue that is rapidly cleaved by serum carboxypeptidases, resulting in desArg derivatives. This mechanism is involved in the regulation of the complement system, 18, 29 and the detection of desArg derivatives also reflects the generation of anaphylatoxins. In this study, the generation of C3a and C5a by the antivenoms was analyzed by detecting C3a/C3a desArg and C5a/C5a desArg.
Several antivenoms from the three institutes induced the production of C3a, which was also observed in samples where the consumption of classical pathway components was not detected. This production probably occurred because of different analytical sensitivity of the two methodologies used (i.e., hemolytic assay and ELISA). The release of C3a was not related to the presence of Fc, once antivenoms from Vital Brazil Institute, none of which contained the Fc fraction, also induced the production of this anaphylatoxin. The generation of C5a was only induced by the antivenoms from the Clodomiro Picado Institute. This finding can be related to the presence of higher amounts of IgG heavy chain and protein aggregates in Clodomiro Picado Institute antivenoms, an issue that deserves additional investigation.
The generation of anaphylatoxins by antivenoms might be related to the induction of EARs in patients, because it could be involved with the non-IgE-dependent anaphylatic reactions. Thus, it could be reasonable to suggest that the severity of these reactions might be related to the amount and type of anaphylatoxins (C3a or C5a) generated in vivo. In this case, the concomitant release of C5a and C3a might induce more severe reactions than the release of C3a alone. Based on this hypothesis and our observations, it could be suggested that Clodomiro Picado antivenoms might cause a higher incidence of severe EARs than Butantan and Vital Brazil antivenoms. However, clinical trials using IgG antivenoms produced at the Clodomiro Picado Institute found that severe EARs were infrequent. 13, 30 A study comparing the concentrations of anaphylatoxins and other inflammatory mediators in plasma from Sri Lanka snakebite victims before and after antivenom therapy was recently published. 31 Sri Lankan snake envenoming induced complement activation and release of inflammatory mediators, and antivenom therapy further increased the levels of these mediators but not anaphylatoxins. The differences between our results and the results from the in vivo studies can be because of differences in the sensitivities of the methods used for the determination of complement activation and generation of anaphylatoxins and/or types of antivenoms. Moreover, it cannot be ruled out that the in vitro results do not translate into in vivo effects.
To verify the correlation between complement activation and the amount of antivenom protein added in the incubations, the protein concentrations of the samples were determined (data not shown). Based on the protein concentrations of the samples and the volume of each antivenom incubated with NHS, the amount of antivenom protein in each incubation was calculated. The amount of antivenom protein did not significantly correlate with the percentage of CH50/mL or the generation of C3a and C5a, suggesting that it is not the main factor involved in the complement activation by the antivenoms in vitro.
SDS-PAGE and Western blot analyses of the antivenoms under non-reducing condition showed the presence of highmolecular mass aggregates containing IgG molecules in several samples, mainly those samples from the Clodomiro Picado Institute; however, previous studies showed that the amount of protein aggregate in antivenoms from this manufacturer is~3%. 13, 32 IgG aggregates can be formed by F(ab)-F(ab) or Fc-Fc interactions and occur after prolonged storage times, increasing the immunogenicity and modifying the physical properties of antivenoms. 33 Low-molecular mass proteins were also detected in reduced samples, but they did not correspond to Ig degradation products, which was shown by the Western blot reactions; thus, they were considered protein contaminants.
In conclusion, our results show that different types of antivenoms can activate the classical pathway of the complement system and generate anaphylatoxins, events that may be associated with various antivenom characteristics, such as composition, contaminant proteins, and aggregates. The role of the generation of C5a by the antivenoms in the EARS still needs additional investigation; however, the detection of C5a may be a useful mark for the presence of protein aggregates, which can help the quality control process for antivenom production.
